To a solution of 5 (6.14 g, 22.4 mmol) in CH 2 Cl 2 (90 mL) at 0 o C was added oxalyl chloride (3.9 mL, 44.8 mmol) and DMF (3 drops). The mixture was gradually warmed to rt and stirred for 3 h. The solvent was removed in vacuo to give the corresponding acid chloride which was used for the next reaction without further purification.
To a mixture of DMAP (5.48 g, 44.8 mmol) and 8 (10.91 g, 44.8 mmol) in THF (120 mL) was added the freshly prepared acid chloride described above in THF (120 mL).
The mixture was stirred at rt for 3 h and a brownish solid was formed. CH 2 Cl 2 was added and the solution was washed with water, brine (100 mL x 3) and then dried 3060, 2954, 2866, 2837, 1704, 1615, 1525, 1475, 1368, 1277, 1191, 1134, 1024, 931, 803 0, 45.0, 46.6, 50.1, 66.5, 71.4, 73.0, 112.8, 123.9, 130.2, 131.4, 148.4, 170.4 (Peaks at 125.9, 128.4, 137.3 and 139 .0 belong to the end groups of the polymer).
Methanolysis of 3.
Under argon atmosphere, a mixture of 3 (0.2 g, 0.28 mmol) in CHCl 3 (20 mL), 10% aq NaOH (4 mL) and MeOH (10 mL) was stirred at rt for 20 h. ν (cm -1 ) 3038, 2962, 2841, 1615, 1566, 1522, 1477, 1367, 1345, 1256, 1184, 1089, 971, 904, 801, 743, 723, 632 5, 46.5, 50.6, 52.1, 57.3, 74.7, 111.7, 124.6, 129.4, 135.8, 147.4 ; MS (FAB) NO: C, 79.96; H, 8.29; N, 5.49; Found: C, 80.01; H, 8.13; N, 5.32 .
Methanolysis of 4.
Under argon atmosphere, a mixture of was added to a solution of 4 (0.08 g, 0.11 mmol) in CHCl 3 (8 mL), 10% aq NaOH (1.6 mL) and MeOH (4 mL) was stirred for 24 h at rt and worked up in a similar manner as described above to yield 5 as an orange solid (0.02 g , 66 ). The organic solution was dried (MgSO 4 ) and evaporated in vacuo to give the residue which was dissolved in CHCl 3 . Methanol was added to precipitate polymer 7 as a grayish white solid (0.05 g, 89 ): IR: ν (cm -1 ) 3016, 2934, 2850, 1699, 1653, 1616, 1559, 1541, 1520, 1508, 1747, 1457, 1363, 1275, 1186, 1089, 970 45.0, 46.4, 50.3, 57.5, 74.7, 113.0, 125.8, 129.4, 131.6, 148.3 (Peaks at 126.0, 128.5 46.5, 49.0, 49.8, 116.3, 126.7, 127.7, 128.5, 128.78, 128.81, 129.4, 131.2, 132.2, 136.6, 137.4, 175.9. IR (KBr) ν 3023, 2958 , 2912 , 2848 , 1774 , 1706 , 1594 , 1491 , 1455 , 1384 , 1322 , 1291 , 1192 , 1167 The cyclic voltammograms of 3 and 4 are shown in Figure 3 . Two redox pairs with the formal potentials of 384 mV and 506 mV were observed for 3, which corresponds to the redox process of the ferrocene and para-substituted aniline-like moieties, respectively. For polymer 4, only one redox pair with the formal potential of 439 mV was observed. Presumably, the two redox pairs merged at the same potential in the polymer. (1)
The potential energy, E, is given by the sum of energy terms for bond lengths d, bond angles θ, dihedral angles φ, and inversion term (improper torsion angles due to out-of plane displacements), together with the van der Waals and electrostatic contributions. In this approach, we designed a simulation procedure as shown in the flow chart of Figure 8 .
Step
Determination of the monomer structures and interactions between monomers
The stochastic conformational search method was employed to build up reasonable conformational ensembles. It involves systematic exploration of conformations by alteration of selected torsion angles in 3. Monte Carlo method S2 was used in the random sampling procedure and the selection criterion was employed to either select or reject the change of the torsion angles in molecule. If the change in energy (?E) resulting from the move is negative, the move is selected. If (?E) is positive, the Boltzmann factor shown in Equation (2) is computed and a random number from 0 to 1 is generated.
If the random number is greater than F, the move is selected. R is the Boltzmann gas constant and T is the absolute temperature in Kelvin. The search procedure followed by the energy minimization resulted in a set of acceptable structures consisting of monomer ensemble. Through the analysis of the energy distribution with conformations by considering intra-and intermolecular interactions, the nature of assembly of molecules can be derived.
Step 2. Determination of the stable conformation of the dimer
The flowchart shows the definition of the dihedral angles on the backbones of single stranded dimers and the definition of isotactic and syndiotactic stereochemistry.
Through grid scan of the torsion angles φ1 and φ2, the structures of dimers were constructed. Systems considering with and without pending groups were established and the favored dimer structures were obtained. These stable dimer structures were the basic unit to construct the 3-D topology of polymer 4.
Step 3. Determination of the major conformations of single and double stranded polymer Figure 9 reiterates how the polymer structures were established. The most important factors are the coupling between the torsion on backbone (φ1 and φ2) and the stacking of the pendent groups. Due to twisting along the z-axis, the bouncing stretching along z-axis, the tipping and inclining of pending group, the construction of doubled stranded polymers would be elaborated. By employing the results from the monomer and dimer ensembles obtained from steps 1 and 2, and according to the STM experimental data, enough information was obtained to program the operation for the construction of the crude structure of 4.
The global geometry optimization of supramolecules is complicated S7,S8 . In this work several optimization methods were used to explore the potential energy surface of secondary structures of 4 more efficiently. Rigid body approximation algorithms S1-S3,S9 is especially useful in a complex supramolecule consisted of monomeric units.
It treats whole molecules or subunits thereof as rigid units, which may reduce degrees of freedom throughout the minimization leading to faster convergence on the potential energy surface. Furthermore, novel constraint and restraint methods S1 to modify the energy expression were incorporated within the global optimization procedure.
Ensembles of single and double stranded polymers were calculated and their dynamic behaviors were investigated. From the statistic analysis of the trajectories, the major conformations of the double stranded polymer were compared with the STM images. Definition of syndiotactic and isotactic stereochemistry.
Results and Discussions

Conformation of monomer
The structure of 3 was optimized by molecular mechanics calculations. The optimization relied mainly on the variation of torsion angles shown in Figure 10a . The energy barrier for each of the torsion interconversion was low. The cyclopentadienyl moieties were found to rotate easily, influencing the spans of the monomer (end to end distance). As shown in Figure10b, the carboxyl groups on the cyclopentadienyl moieties in 3 were located at the anti-position relative to the central ferrocene moiety, and this structure was used as a basis for estimating the secondary structure of double stranded polymer 4. Figure 11 shows the fully optimized structures of the dimers without the pendent group and compounds with trans double bond were more stable than those with cis double bond. The relative energy of the two conformational isomers in each dyad (when the double bond was trans) was less than 1 kcal/mol, and the barrier for the interconversion was less than 2 kcal/mol.
Favorable stereochemical structures
Dimer without pendent group
Figure 11
The fully optimized conformations for the syndiotactic (syn and anti) and isotactic (syn and anti) dimers without pendent group.
Dimer having pendent group
In a manner similar to that described above, optimization of single stranded dimer having pendent group was carried out by changing the torsion angles shown in Figure   10 and the results are summarized in Table 1 . However when pendent groups (benzene ring and ferrocene moiety, etc) were attached, the syn conformations were more stable by at least 10 kcal/mol than the anti isomers. Figure 12 shows the isotactic and syndiotactic dimer structures. The isotactic stereochemistry appeared to be more favored than the syndiotactic isomers. Presumably, the stacking of ferrocenes S10-S12 and π−π interactions S13 between benzene rings in the pendent groups may play an important role to dictate the stereochemistry of these dimers. Slight perturbation of the torsion angles φ1 and φ2 around the trans double bonds (Figure 12c ) may affect interactions between neighboring benzene rings and/or ferrocene moieties. φ1? C3-C4-C5-C6: φ2) on backbone.
The closest Fe-Fe distance in single crystal ferrocenes is 5.5-5.9 A depending of the substituent(s) on ferrocene (Figure 1 3) S12,S14 . Interestingly, this distance is somewhat comparable with those of these dimeric isotactic structures where the neighboring Fe-Fe distances would be around 5.5 A.
The structural parameters of these dimers may provide useful information on the structures of polymers. Although the neighboring benzene rings may not be parallel to each other and the ferrocene moieties may not be completely eclipsed, a rough estimation of the distance would be highly desirable. Accordingly, a parallel model was used (Figure 14a ) and R1 and R2 are the vertical and horizontal distances between two benzene rings, respectively. Figure 14b is the stacking of ferrocenes where d1 is the Fe-Fe distance, d2 is the projection distance along Z axis and d3 is the closest H-H distance between two cyclopentadienyl moieties. These parameters could be characteristic from different isotactic dimer structures. 
Single stranded polymer
The dimer structure obtained from the previous calculations was used as the building blocks for the construction of single stranded polymers. The nature of the linkage (including torsion angles φ1 and φ2) between the two dimeric moieties in these newly constructed polymers would be the same as that of the connecting bonds between two monomeric units which form the dimer. Therefore, the polymeric backbone would become homogeneously as far as stereochemistry is concerned.
Indeed, the geometries of the polymers would be strongly correlated with torsion angle φ1 and φ2 on the backbone. Again, the syn conformations in both isotactic and syndiotactic stereochemistries in single stranded polymers of different molecular weights were considered. The crude structures thus obtained were subjected to molecular mechanical optimization and constant temperature (300K) molecular dynamics (MD) calculations.
The orientation of the pendent groups was found closely related to the tacticity of the polymer. In the syndiotactic syn conformation, the pendent group may be poorly aligned. If another norbornene moiety is attached to the other end of the pendent group, polymerization leading to a double stranded polymer may not proceed satisfactorily.
On the other hand, the pendent groups are arranged coherently in the isotactic syn form.
Similar strategy may be applied to yield selectively a double stranded polymer.
Accordingly, isotactic syn stereochemistry was used for the calculations of doubled stranded polymers described below.
Major secondary structures of double stranded polymer
Three major classes of secondary structures of the double stranded polymer were obtained: double-stranded helix (A'), supercoil (B') and ladder (C') as illustrated in The optimal double-stranded helix as shown in Figure 15 had a diameter of 2.2 nm with 12 monomeric units in a pitch (12 1 helix). The central axis consist of the ferrocene segment has the freedom of twisting and bending even inclining in order to find the most stable stacking of ferrocene and benzene moieties in space through the variation of the torsion angles in molecule. Each of the monomeric layers in this helical structure is essentially parallel to each other. Interestingly, the helical structure may exhibit major and minor grooves due to the slight twisting of central axis due to the stacking of ferrocene moieties.
The supercoil structures appeared to be more flexible and the number of monomeric units in each pitch depends on the diameters of the coil (Table 2 ). Figure 15 shows the supercoil structure B' with 25 monomeric units per pitch and the diameter was 3.1 nm that is consistent with the STM structure B. When the diameter of the supercoil structure is large, the stacking of ferrocenes is prone to that in the ladder structure. On the other hand, the supercoil structure is more like the helical structure when the diameter is small. In addition, Figure 16 shows the different double stranded dimeric portions extracted form the three major structures of polymers. The relevant parameters for these structures are shown in Table 2 . 
Potential energy
The "gas phase" energies of the secondary structures (helix A', supercoil B' and ladder C') of 12 repetitive units (without solvent), divided into electrostatic, van der Waals, and internal (bond, angle, and dihedral) energies, are given in Table 3 . The average energy for each form was obtained from 100 snapshots. As can be seen from Table 3 , the energies thus obtained may provide a qualitative picture of the relative stabilities of these secondary structures. Accordingly, the total molecular mechanical energy (E MM ) suggests that the supercoil structure would be lower than those of the other two structures. Presumably, the π-π stacking of aromatic rings, the interactions between ferrocene moieties, other electrostatic and van der Walls interactions may be responsible for the relative stabilities of these structures. 
Transition between the major secondary structures
Figure 17 is a schematic map depicting the relation between these three major secondary structures on the potential energy surface. This energy surface was constructed based on the simulated gas phase energies of three local structures and transition energies of interconversions. The transition from A'-helix form to B'-supercoil form appeared to be particularly favorable. When the MD simulation started in the A' form within ~500 ps, the transition may occur in synchronized manners to reach the B' form. In a similar manner, A' form may also slowly relax to the C' form. As shown in Figure 18 , the topology and relationship of these three structures can be more easily characterized by the linkage number Lk S15,S16 , a topological property which can determine the dimensional degree of double stranded configuration. The linkage number Lk is the sum of the twisting number (Tw) and the writhing number (Wr). Although the rigorous definitions of twist and writhe are complex, Tw is a measure of the helical winding of the double strands around each other i.e. the twist of monomeric units between each other; Wr is a measure of the coiling of the axis of the double strand polymer i.e chiral bending or "writhing" of the central ferrocene groups. A right-handed coil is assigned a negative number (negative supercoiling) and vice versa. The partition of Lk between Tw and Wr is determined by energetics. In the ladder form, each monomeric unit (green) is parallel to others, neither twisting between monomers nor writhing (bending) would happen, so Tw = 0 ; Wr = 0 and Lk = 0 . In the perfect double helix form, only twisting between monomeric units may take place and no writhing would occur, so Tw = n ; Wr = 0 and Lk = n. The third possibility is, when Tw = 0 ; Wr = n and Lk = n, a structure like roll-of-ribbon. The supercoil structure would have the topology between the helix and the ribbon-like structure.
Shear induced twist-writhe interconversion would be arisen from the coupling of the variation of torsion angles (mainly due to the φ1 and φ2) in the backbone. A slight variation in these angles may provoke a profound influence on the secondary structure. and Tw = 0 and Wr = n for the ribbon-like structure).
